Abstract: Adenylate cyclase mutants of Escherichia coli showed the heat-shock response. The heat-shock response was studied in two different mutants and in different growth media, including rich and minimal media. These results are in disagreement with the proposal that the cya gene regulates the expression of the heat-shock genes.
Introduction
Cells of almost any organism respond to abrupt exposure to heat by a transient increase in the synthesis of a set of proteins, the heat-shock proteins (HSp) [1, 2] . The main HSp are constituents of the cellular machinery of protein folding, repair and degradation. It has been proposed that the heat shock response is important for cell survival under stress conditions [1, 2] .
In Escherichia coli, the genes that encode these proteins define the heat shock stimulon. Most of the approximately 40 genes of this stimulon are under the control of the positive regulator 0-32 encoded by rpoH [3] . This o-factor confers on RNA polymerase the specificity to transcribe heat-shock genes [1, 4] . However, some genes have additional 0-70 promoters and at least two heatshock genes, htrA and rpoH, have a promoter for another or factor, o -z [5] .
Induction of the heat shock stimulon in E. coli occurs primarily at the level of transcription, although the cellular concentration of 0 -32 also involves translational regulation [6] . The regulatory region of gene rpoH, approximately 200 bp, contains at least four promoters: P1, P3, P4, and P5 [7] [8] [9] ; two CRP (cAMP receptor protein) boxes [9, 10] ; three DnaA boxes [11, 12] , and one box A [13] . Promoters P1, P4, and P5 are 0-70 promoters, while P3 is controlled by 0-E [5, 7] . At 30°C, transcription of rpoH is mainly from promoters P1 and P4; at 43°C, P3 is strongly induced while transcription from P1 and P4 increases slightly; at 50°C, transcription from P1 and P4 shuts off gradually, while that from P3 persists at high level [7] . Promoter P5 is a catabolite-sensitive pro-36 moter; transcription from this promoter requires both cAMP and CRP and is partially inhibited by glucose [9] . It has been suggested that transcription from P5 interferes with transcription fom P4 [9] . The two CRP boxes were deduced from experimental data and analysis of the regulatory region of rpoH [9, 10] , while two of the three DnaA boxes bind the DnaA protein in vitro [12] . The binding of the DnaA protein to these boxes decreases transcription from promoters P3 and P4 [121.
It has been proposed that the synthesis of heat-shock proteins requires the cya gene, which codes for the enzyme adenylate cyclase [10] . Cells containing adenylate cyclase deletion of mutation (CA8306 cya-) grown in Hershey's broth [14] failed to exhibit the heat shock response when cells were shifted from 30°C to 42°C. Under the experimental conditions used, the 63-kDa protein (GroE) was not induced in the mutant cells, while the 70-kDa protein (DnaK) was maintained at basal level [10] . It was also found that the cya mutant was relatively more heat-resistant than wild-type cells and developed thermotolerance.
The increased resistance of cya mutants to sublethal heat has been reported elsewhere [15] . Although there is a promoter (P5) activated by CRP-cAMP in the regulatory region of gene rpoH [9] , there are alternative promoters that could ensure the induction of the heat-shock stimulon independently of the cAMP cellular concentration. To verify this possibility, the heat-shock response was studied in two different cya mutants using different growth media.
Materials and Methods
Bacterial strains and plasmids Escherichia coli K12 strains: W3110 Thy-; MK1010, as W3110 but cya::Km; CA8000, HfrH thi; and CA8306, a cya-deletion mutant (cya-854) derived from CA8000, were used throughout this work. Strains CA8000 and CA8306 correspond to strains CGSC6026 and CGSC6027, respectively of the E. coli Genetic Stock Center.
These strains are from the J. Beckwith collection [15, 16] . The strains were kindly provided by G. Macintyre. Other copies of strains CA8000 and CA8306 were provided by Y. Kupersztoch. The Cya-phenotype was carefully checked in each experiment just before the upshift of temperature by streaking the cells on McConkey-lactose agar plates with or without 5 mM cAMP. Cya-cells are Lac-in McConkey-lactose plates and Lac + in these plates supplemented with cAMP.
Microbiological methods
Cells were routinely grown with shaking (180 rpm) at 30°C. Hershey's broth [14] and Luria broth [17] with and without 0.2% glucose, and minimal medium M9 [17] containing 0.2% glucose, thiamine (2/.~g ml-1), thymine (50/zg ml-1) and all amino acids (20/xg ml-1) but methionine were used to grow the cells.
Protein labeling, sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography
Cells were grown at 30°C to mid-log phase (approximately 1 × 10 s cells ml-~); 500/xl of the cell culture were shifted to 42°C or 47°C for 15 min. L-[35S]methionine (100 ~zCi for rich medium, and 25 ~zCi for minimal medium) was added for protein labeling, and incubation was continued for 5 min. Cells were centrifuged, suspended in 20 /xl of sample buffer [18] and 2 /~1 of 10 mM phenylmethyl-sulfonyl fluoride (PMSF), boiled for 2 min and subjected to SDS-PAGE [18] . Slab gels consisted of 4.5% acrylamide stacking gel and 11% acrylamide separating gel. The gels were stained, destained, dried and exposed to Kodak XS-5 X-ray films for 2-10 days.
Results and Discussion
The heat shock response, defined as an increase in the synthesis of the main HSp (DnaK, GroE), was clearly observed when cells of strains CA8000 Cya + and CA8306 Cya-growing in Hershey's broth were exposed to 42°C (Fig. 1) or growing in M9 minimal medium were exposed to 42°C and 47°C (Fig. 2) . Similar results were obtained with cells growing in Hershey's broth with-out glucose or in Luria broth with and without glucose and with strains W3110 Cya ÷ and MK1010 Cya-(data not shown). The Cya phenotype was checked in each experiment as described in Materials and Methods. Experiments for each strain and medium were performed at least two times. Differences in the proteins synthesized during the heat treatments were observed when mutant cells were compared with wild-type cells; however, induction of the main HSp was clearly present in the cya-cells (Figs. 1  and 2) .
Results presented in this work clearly show that the induction of at least two of the main heat-shock proteins, DnaK and GroE, does not require adenylate cyclase. The heat-induced proteins with a molecular mass of 60 kDa and 70 kDa ( Figs. 1 and 2 ), correspond to heat-shock proteins GroEL and DnaK, respectively. These proteins migrated in gels similar to proteins overproduced by ceils carrying plasmids containing these genes. In addition, the cells used in this work showed a pattern of heat-induced proteins These results are in disagreement with the proposal that the cya gene regulates the expression of the heat-shock genes [10] and suggest that the alternative promoters present in the regulatory region of gene rpoH do in fact ensure the heat-shock response independently of the cellular concentration of cAMP.
The cya mutants were more resistant to 50°C than wild-type cells and developed thermotolerance when pretreated at 42°C for 15 min prior to exposure to 50°C (data not shown). These results were similar to those previously reported by other groups [10, 15] .
